The concentration and size dependencies of elastic properties of highly concentrated w/o emulsions were studied. The range of weight concentration of the disperse phase was 90 -96%, the range of the average droplet size was 16 -20 mm, and the droplet size distribution remained unchanged. The disperse phase consists of droplets of overcooled concentrated aqueous solutions of inorganic salts. The concentration range being studied lies above the limit of maximal close packing, j > j m . The droplet size distribution is fairly wide and the shape of droplets is polygonal. These factors alone determine possible new rheological effects, such as the elasticity and visco-plastic behaviour of emulsions, as well as the observed form of concentration and size dependencies of rheological properties of emulsions. The complete flow curves were measured for these fairly new emulsion systems. It emerged that they were similar to the entire concentration and droplet size ranges being studied. The concentration dependencies of the yield stress and storage modules corresponded to the Princen-Kiss theory with critical volume concentration approximately 0.71 -0.74. However, this theory describes the size dependence of elastic modules incorrectly. A new model is proposed, which correctly describes the dependencies of elastic modules on both determining parameters -those of concentration and droplet size.
INTRODUCTION
The concentration dependencies of the various properties of multi-component systems are always the focal point of investigations, because of their theoretical and practical value. The problem of the calculation of rheological properties of multi-component materials reflects on classical studies of A. Einstein on severely diluted dispersions. His publications are cited in all reviews as the first milestone on this road. Taylor [1] was first to propose the theory of emulsion viscosity, and arrived at the following equation: (1) where h r is the relative viscosity of the emulsion, h m is the viscosity of the continuous medium and h d is the viscosity of the dispersed liquid droplets and j is their volume content. It is evident that in the limit h d >> h m this equation complies with the standard Einstein equation for diluted suspensions: (2) Numerous modifications of these equations have since been proposed, bearing in mind their expansion towards the range of higher concentrations. The latest attempt [2] to describe the h r (j) dependence for a rather broad concentration domain gave two practically equivalent equations. It is important to note that the conception of the maximum volume packing fraction j m was introduced in both equations and they are valid in the j < j m domain. This idea of the maximum volume packing fraction is also used in discussing the results of numerous experimental works (e.g. [3] ). The concentration dependence of viscosity of oil-in-water emulsions was also studied by Portal et al. [4] .
Theoretical equations predict that at j > j m the viscosity will follow h ô •. It implies that the existence of liquid emulsions at higher concentrations of dispersed droplets is physically impossible. However, this is incorrect. There are several publications devoted to the study of emulsions with a concentration up to 0.94 [5 -9] . The model of a monodispersed silicon oil-in-water emulsion in the high concentration domain was studied in [10 -12] . In our earlier publications, we also studied rheological properties of highly concentrated w/o emulsions with a concentration up to 95 wt %. [13 -16] . The possibility of preparing such highly concentrated emulsions is related to two reasons: the wide-size distribution of dispersed particles and a non-spherical (polygonal) form of dispersed droplets. The droplets in these emulsions are compressed and their "elasticity is the result of the energy stored by additional deformation of shape induced by an applied strain" [10] . The theoretical approach to modelling rheological behaviour of such highly concentrated emulsions was discussed primarily in publications [10, 12, 17 -20] . The most significant result of these publications is the prediction of the dependence of elastic modules, G, on the size of droplets, D, and volume fraction, j.
The theory states that elastic modules, as well as the yield stress, should be proportional to the reciprocal diameter of the droplets. However, our earlier experimental data clearly demonstrated that both parameters are proportional not to D -1 , but to D -2 . To the best of our knowledge, the other experimental data on size dependence of rheological properties of highly concentrated emulsions are absent. Besides, the theory was developed for monodisperse droplets, and the author is correct in saying that "it will be extremely difficult to extend the analysis to real emulsions" [17] . However, real emulsions used in technology are usually polydisperse and their properties are of applied interest. Therefore it would be important to construct a model of their behavior reflecting their structure and composition. Highly concentrated emulsions might be treated as foams and principles papers [17 -20] devoted to modeling these systems do not make difference between them. However, our materials have serious difference from foams. That is a rather special composition of a disperse phase. This phase contains high concentration of salts, which can interact with surface layers.
It is also worth mentioning that most of the earlier publications on the rheology of highly concentrated w/o emulsions were devoted to materials used in cosmetic applications or to model systems, while our studies [13 -16] deal with highly concentrated w/o emulsions used as liquid explosives. This paper continues this line of investigation. The main goal of the study is to try to build a model which correctly describes the dependence of elastic nodules of both determining factorsconcentration and droplet size. The concentration domain of emulsions under discussion lies beyond the limit of maximal close packing j > j m . The droplets have polygonal shape. The description of the samples, as well as the reference to the experimental technique employed, has been dealt with in the experimental section. Some methodological problems and primarily the problem of possible wall slip are discussed. Subsequently, flow curves and dynamic properties of emulsions are presented. Two parameters -elastic modules and the yield stress -are proposed as the principle characteristics of the rheological properties of emulsions. A discussion of the experimental results related to concentration and size dependencies of these properties occupies the central position in the work. Different theoretical models for these dependencies are discussed and a new model, which corresponds to all experimental data, is proposed.
EXPERIMENTAL

SUBJECTS
The subjects of investigations were practically the same as those addressed in our earlier publications [13 -15] . The diameter of a dispersed phase droplet is in the region of 1 -40 mm. These droplets consist of a super-saturated aqueous solution of inorganic oxidizer salts, primarily consisting of (but not limited to) ammonium nitrate. The size distribution was determined using a Malvern Mastersize 2000 [21] . This method is based on measuring the angle distribution of the He-Ne laser light scattered by particles. The angle at which the light is scattered is inversely proportional to the size of the particles.
The droplet size distributions of four samples are shown by solid lines in Figure 1 . These curves are symmetrical in a semi-log scale. They can be successfully fitted by the standard Gauss equation: (3) where f represents the density of the distribution function, x is the argument (droplet size), x 0 is the position of the maximum (in semi-log scale), w is the dispersion characterizing the width of the distribution, and A is a normalizing factor. The curves calculated according to this equation appear as dotted lines in Figure 1 . It is clear that they practically coincide with the experimental distributions. The maximum values of the density of distributions are practically the same. Calculations provide the following characteristics of dispersion as summarized in Table 1 . Therefore, all size distributions are of the Gaussian type; they are rather wide and practically the same for all samples. The size distributions of samples used in this study do not depend on the content of the disperse phase in an emulsion. The similarity of the droplet size distributions in particular should be stressed, as opposed to some other studies (e.g. [8] where the increase of the concentration was accompanied by the decrease in droplet sizes.
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Applied Rheology Volume 17 · Issue 4 The shape of droplets is shown in Figure 2 . The polygonal shape of the droplets is evident. It is well-known and clearly understood that droplets in emulsions of a low concentration have a spherical shape, because it corresponds with the minimum amount of surface energy. The polygonal shape of droplets suggests that there is an excess of stored surface energy. This is the cause with the elasticity of a system as a whole. The water content of these droplets was less than 20%. This points toward a very concentrated solution with an extraordinarily high ionic strength.
It is impossible to measure the rheological properties of an aqueous phase at room temperature, because a solution crystallizes at a higher temperature. However, it is of interest to determine whether such a high concentration of a dissolved salt changes the rheology of this phase. The viscosity of a solution was measured at higher temperatures and the extrapolation to room temperature was done. Viscosity appears to be close to 0.063 Pa·s, which means that the droplets of an aqueous phase are nothing other than a low viscous liquid. Consequently, all rheological effects discussed below cannot be attributed to this component of an emulsion. The dissolution temperature for the complete dissolvement of a solid phase in large bulk volumes is typically higher than 50°C, while the crystallization range is 51 -65°C. The samples were prepared through intensive milling of the components at a higher temperature, before quickly cooling it to 20 -25°C. The experiments were carried out regularly at 25 -30°C. We were therefore dealing with a super-cooled (thermodynamically unstable) solution.
The emulsions that we studied were quite stable, at least for a period of 10 -11 weeks during which they were specially investigated [16] . The stability of the emulsions was obtained by adding a very thin surface layer of emulsifier to the droplets. The emulsifier comprised 15% of the oil phase. Paraffin was used for the oil phase. The emulsifier consisted of the derivatives of poly(isobutylene) succinic anhydride with a molecular mass of 900 -1300 amu. The aqueous droplets were dispersed in oil, which constituted the continuous phase. The width of the interlayer was in the order of several hundreds nanometers (see Figure 1) . The density of a solution of emulsifier in hydrocarbon oils equals 0.9 g/ml. In the experiments discussed below, two similar grades of a particular surfactant were used (with surface tension equal to 4 mN/m for surfactant I and 4.8 mN/m for surfactant II). The samples with the concentration of the disperse phase of 92 to 96 wt% (j = 82 -90 vol%) were prepared. The density of all samples was close to 1437 kg/m.
EXPERIMENTAL TECHNIQUE
Samples were tested using a rotational rheometer MCR300 (Paar Physica) with bob-in-cup and cylinder-in-cylinder measuring units with a sandblasted bob surface. Experiments were carried out in different regimes of deformation. First, stress-controlled deformations were applied. Stresses were applied in a sweep mode by changing stresses step by step. The duration of a step was 200 s, which means that the applied stress was active for 200 s. Then after a 200 s resting interval, the increased stress was applied, and this mode was continued. Experiments of this nature were carried out in the shear stress range from 1 to approximately 300 Pa. Secondly, apparent viscosity was measured at different shear rates within a very wide range, covering about 7 decimal orders -from 1·10 -4 to 1·10 3 s -1 . Thirdly, dynamic measurements were executed in two modes: the amplitude sweep regime at different frequencies and/or a frequency sweep regime at small amplitudes of deformations (stresses).
RESULTS AND DISCUSSION
SOME METHODOLOGICAL PROBLEMS
Concentrated emulsions are not simple subjects for rheological studies due to the principle heterogeneity of the matter. First of all, the suspicions concerning wall effects in the flow of multicomponent systems always exist. In order to confirm or to exclude this suspicion, two sets of independent experiments were performed. Firstly, the pipe flow in tubes of different diameters was studied. The experimental points were presented in consistent coordinates -shear stress at the wall, s w = DPd/4L versus apparent Newtonian shear rate at the wall, 32Q/p d 3 , where DP is the pressure gradient, Q is the volume output, d and L are the diameter and the length of a tube. It was demonstrated that all experimental points lie on the same curve [13] . Later the analogous experiments were repeated under industrial conditions, with the same result.
Secondly, the experiments on rotation flows in the laboratory rheometer were carried out. The gap between stationary and rotating surfaces varied from 0.2 to 1.5 mm (more than 7 times). This is a standard method for studying wall effects, because varying the gap changes the ratio of the surface (if they are) to volume effects. It was determined that the experimental points lay on the same curve, with the spread not exceeding ± 15% from the average without a systematic shift. Both sets of experiments -regarding the flow in pipes and rotational flows -proved that it is reasonable to think that the wall slip, if any exists, is negligible when treating rheological data.
The last comment in this section relates to the accuracy of the experimental results. It is not crucial which value of the elastic modules is taken into consideration for the discussion of experimental results. In our publications [14] , it was shown that, firstly, the elastic modules, G', do not depend on frequency in a wide frequency range, so that a rather long plateau exists. Secondly, this value of plateau modules G' is close to (elastic) rubbery modules measured by means of the elastic recoil. The reproducibility in the measuring of points in 3 to 5 consecutive experiments did not exceed 10%, while the correlation between the module values determined by different methods does not exceed 15%. The last figure can therefore be assumed as the boundary of possible experimental error in measuring modules. The same applies to the yield stress. Besides, there might be some uncertainty concerning the influence of the droplet size distribution on experimental results. As was shown above, samples with similar distributions were used in this study. The median value of the size distribution was taken as the measure of the "average" size. The effect of the size distribution should serve as a subject for a separate investigation. We may therefore conclude that the results are within the accuracy limits not exceeding approximately 20%.
FLOW CURVES, YIELDING AND VISCOELAS-TICITY -CONCENTRATION EFFECTS
Flow properties of highly concentrated emulsions depend on whether the flow curve is measured in an upward or downward shear rate sweeping mode. The apparent Newtonian branch depends on the ramp of the sweeping experiment and it reflects the transient shearinduced emulsion structure [15] . Contrary to this, the downward flow curves correspond to the stable state of emulsions at different shear rates. Experimental data obtained for emulsions with a different concentration of a disperse phase are presented in Figure 3 . The vertical sections in the flow curves (obtained in downward shear-rate controlled mode of deformations) coincide precisely with the points obtained in the shear-controlled regime. They have a clear meaning of the yield stress.
Some characteristic features of the flow properties of emulsions are shown in Figure 3 , namely the existence of the yield stress s Y , the appearance of the inflection on the flow curves (shown by arrows in Figure 3b) , and a rather strong concentration effect. These effects are typical of highly concentrated emulsions. The origin of the inflection in flow curves was discussed elsewhere [22, 23] . It was pointed out that this rather unusual effect is related to a change in the mechanism of the movement of emulsions -rolling with slight elastic deformation of droplets at low shear rates, and a strong distortion of droplet shape in the high shear rate domain. The values of the yield stress can be taken directly from Figure 3 . Sometimes the yield stress of emulsions is determined by the non-linear parts of amplitude dependence of the elastic modules [24] . However, this is an indirect method. It seems more preferable to determine the yield stress directly from the initial parts of flow curves. Also the yield stress values can be found by extrapolation of flow curve data based on a particular fitting equation (e.g. the Herschel-Bulkley equation).
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Applied Rheology Volume 17 · Issue 4 The results of the measurements of frequency dependencies of storage modules are presented in Figure 4 . Modules grow with the increase of concentration, though the general characteristics of the G'(w) dependencies stay unchanged. A very wide plateau indicates the values of the modules. These values coincide with elastic modules measured by means of the elastic recoil after prolonged creep and steady state viscous flow (as in [14] ). Several publications concerning theoretical explanations of the rheological behaviour (primarily, elastic modules G and the yield stress s Y ) of highly concentrated emulsions were cited in the introduction [10, 12, 17, 19. 20] . Usually, it is assumed that the concentration dependencies of elastic modules G(j) and the yield stress s Y (j) in the high concentration domain are described by the pair of similar equations: (4) (5) where R SV is the volume-to-surface radius of droplets in a disperse phase, g is the interfacial tension, j* is the critical volume fraction, K and B are constants in the order of 1. It is evident that the theory deals with the j > j* (i.e. high concentration) domain.
Our experimental data on the concentration dependencies of G and s Y are represented in Fig.  5 in the coordinates corresponding to these model equations. As expected, the straight line fits the experimental data with the common initial point at j* = 0.71 -0.74. The same j* value was obtained for polydisperse droplets [19, 20] as well as for the model monodisperse droplets [10] . As a result, there is some critical (limiting) value of concentration j*. In the concentration below this threshold, dispersed droplets exist separately and have spherical form. In concentrations above this threshold, dispersed droplets have a "compressed" (polygonal) shape. Elasticity and plasticity become dominating rheological properties of emulsions exactly in this highly concentrated domain, though such emulsions can flow at stresses exceeding the yield stress. The data represented in Figure 5 seem to confirm Princen's theory in terms of limiting the discussion to concentration dependencies of rheological parameters. The correlation between elastic modules and yield stress is rather close and in the first approximation it does not depend on concentration. The ratio s Y /G is practically constant (with a spread not exceeding ± 20% that lies within the limits of possible experimental errors). Therefore there is no need to discuss the concentration dependence of the yield stress separately.
ELASTICITY -DROPLET SIZE EFFECT
It is worth paying attention to the fact that experimental points in Fig. 5 relate to the same average droplet radius (16 mm). Meanwhile, previously published experimental data [14] obtained for various droplet sizes demonstrated that the G(D av ) and s Y (D av ) dependencies comply with the rules G μ D av -2 and s Y μ D av -2 rather than linear dependencies, as opposed to the predictions of the theory [19, 25] . This is an important point for the discussion as a whole. These experiments were therefore repeated for a new grade of samples. The results are represented in Figure 6 . Again, it is clear that it is not possible to draw a straight line on coordinates G versus D -1 passing through the zero point (according to Eq. 5), while it is quite possible to do so in the coordinates G versus D -2 . We therefore have to assume that the real G(D) dependence is reciprocal squared but not linear. Therefore it is desirable to find new arguments for describing the G(j, D) dependence.
MODEL
Two different approaches are possible. The first is based on geometrical and energetic argu-
42250-6
Applied Rheology Volume 17 · Issue 4 ments. Let us consider the deformation of a cubic element as a model of a compressed dispersed particle. As a result of deformation, this element is transformed into a rhomboid. The surface of the element increases due to the cube-to-rhomboid transformation. This increase alone is the physical origin of elasticity, because energy is stored on the surface. Geometrical analysis shows that the surface of a rhomboid, S rh , in the uni-axial shear deformation is (6) where l is the relative elongation of the diagonal of a cube, while the surface of a cube S c = 6D 2 . The increase of the surface DS in the linear approximation is expressed as (7) The front-factor k reflects the transition from the diagonal elongation to the simple shear, and due to possible freedom in the distribution of droplet size of dispersed particles, e is relatively deformed in the simple shear. Consequently, the increase of surface energy (stored energy), DE, is expressed as (8) where N is the number of dispersed particles in the volume, and g is surface energy (surface tension). With regard to N, it is necessary to take into consideration only those particles which create a compressed structure, i.e. concentration beyond the critical limit of the dense packing j*. Therefore D 3 N = j -j* or N = D -3 (j -j*). Finally:
The transition from DE to the modules is based on the idea that the total stress, s, responsible for elasticity of a system, does not exist in the whole section, but in the surface layers only, because a liquid in droplets is not elastic at all. Then (10) and (11) where d is the width of a thin surface layer responsible for the elasticity of droplets and s d is the stress in this layer. Now it is possible to determine evident equalities: (12) A comparison of Eqs. 9 and 12 immediately gives: (13) This is the final expression for elastic modules with the undefined front-factor k. The second, and possibly a more simple and straightforward argumentation, is based on dimensional analysis. Indeed, in the general case (14) Then the following evident combination of these variables can be written: (15) 
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Applied Rheology Volume 17 · Issue 4 where, again, we have an uncertain front-factor k. The scaling factors m and n are also not known beforehand.
It is clear that Eq. 15 is more general than Eq. 13, although they are similar. It is evident that both approaches -energetic and dimensionallead to analogous equations. For the sake of simplicity, it is reasonable to assume than m = 1 and n = 1, as the first approximation. Eqs 13 and 15 are equivalent in this case. It is important that any of these equations show that G should be proportional to D -2 and includes d as a necessary factor. The form of the concentration dependence (Eq. 15) is different from Eq. 5, because Eq. 5 does not contain the j 1/3 factor. Elastic modules in Eq. 5 is proportional to D -2 instead of D -1 .
As seen from formal arguments, the presentation of G (as well as s Y ) as functions of D -2 is possible only if another factor with a dimension of length is introduced. We do not see another structure parameter other than the width of the elastically active surface of a stabilizing layer in emulsions. Our experimental data obtained for two different surfactants are collected in Figure 7 in co-ordinates GD 2 /g versus j. The boundary lines correspond with ± 15% divergence from the average that is the limits of possible experimental errors. It is clear that Eq. 13 (or Eq. 15 with m = 1 and n = 1) correctly describes all the experimental data in the experimental ranges of concentration and droplet size. These ranges might not be wide but they correspond with the possible limits of existence of highly concentrated emulsions. The j* value obtained from Figure 7 is equal to 0.71, which is rather close to the j* value in Fig. 5 . The difference is immaterial and we can presume that 0.71 -0.73 is the real limit of close packing for the systems in this study. However, this value might depend on the details of droplet size distribution. The other set of experimental data related to samples obtained in the different technological regime, presents a dependence quite similar to Figure 7 . But the value j* is close to 0.75. It might be considered that the share of very small particles in the latter case is larger, which is the reason why the closest packing is reached at a higher concentration threshold. The slope of the straight lines in Figure 7 is the product kd. The value of kd in Figure 7 equals 1.73·10 -4 m. Both factors cannot be separated in the product kd. However, if the value of d is expected to be in the order of several microns, the front-factor should be in the order of 100.
CONCLUSIONS
Rheological properties of highly concentrated w/o emulsions (in the range up to 96 w. %) were studied. This concentration range lies beyond the limit of maximal close packing, j > j m . Droplet size distribution is rather wide, but similar for all samples. The shape of droplets is polygonal. Only these factors determine a possibility of special rheological effects, such as the elasticity and plasticity of emulsions. All these emulsions are rheopectic materials in the whole concentration range. The complete flow curves in steady regimes of deformation include the transition to the yield stress and inflection at the middle part of the flow curves. The elastic (storage) modules are practically constant in the wide frequency range. The concentration dependencies of storage modules and the yield stress are similar. If the Princen-Kiss theory is applied to the concentration dependence of elastic modules, the value of the critical volume concentration (corresponding to the close packing of droplets) equals 0.71. At the same time this theory provides incorrect predictions about the dependence of elastic modules on the droplet size. The new model, based on either geometrical or dimensional arguments, predicts that elastic modules should be proportional to the concentration of a dispersed phase and squared reciprocal size of droplets. This model includes the width of an elastic layer as an additional geometrical factor. Experimental data confirms the reliability of this model. 
